There are three isoforms of the catalytic (a) subunit of the Na+,K+-ATPase, each derived from a different gene, that differ in their sensitivity to inhibition by cardiac glycosides. Antibodies specific for the three isoforms were used to study Na+,K+-ATPase isoform expression in ventricular myocardium, where an understanding of digitalis receptor diversity is most important. In the rat heart, there is simultaneous expression of two isoforms in adult ventricle, and immunofluorescence studies demonstrated that both isoforms are expressed uniformly in cardiomyocytes. Hypertension and hypertrophy have been reported to selectively depress a2 isoform mRNA levels, and we show in the present study that a2 protein levels were correspondingly depressed in rats made hypertensive by uninephrectomy and treatment with deoxycorticosterone acetate and a high-salt diet. In the human heart, where mRNA for all three a isoforms has been reported, we detected all three isoform proteins (al, a2, and a3). Two isoforms (al and a3) predominated in the macaque heart; dissection of the heart showed uniformity of isoform expression in different ventricular regions but markedly less a3 in the atrium. Finally, isoform-specific antibodies were used to detect which a isoforms were expressed in the ventricles of several commonly used experimental animals to test the correlation of isoform expression with cardiac glycoside-response heterogeneity. Two isoforms (al and a3) were found in canine myocardium, whereas only one (al) was found in sheep and guinea pig. Expression of Na+,K+-ATPase isoforms can thus be readily followed and related to the physiology of the digitalis receptor. (Circ Res. 1994;74:669-678.) 
Immunologic Identification of Na+,K+-ATPase Isoforms in Myocardium
The detection of a isoform-specific mRNAs and the immunologic detection of the a isoform proteins themselves have both played useful roles in the study of Na+,K+-ATPase in myocardium. Investigation of the rat heart is most advanced. The newborn rat heart has been shown to express al and a3, whereas the adult rat heart expresses al and a2 (reviewed in Reference 7) . There is a developmental transition between a3 and a2 during the first 3 weeks of postnatal life. This has been documented both for mRNA and protein. 8'9 Both a2 and a3 mRNAs are expressed at higher levels than al mRNA in the conduction system of the adult rat heart, as visualized by in situ hybridization.10 Most interestingly, changes in the relative amounts of a isoform mRNAs have been detected in ventricular tissue in hypertension and hypertrophy,1'12 predicting a change in digitalis sensitivity.
The production of antibodies capable of specifically detecting the Na+,K+-ATPase a isoforms enables us to examine the expression patterns of the proteins themselves. In the present study, we have used such antibodies to address several questions previously raised either by the analysis of mRNA expression or by long-standing controversies about species differences in cardiac Na+,K-ATPase characteristics.
Materials and Methods Antibodies
Monoclonal antibodies and polyclonal antisera directed against isoform-specific peptides were used. A monoclonal antibody specific for al with a restricted species cross-reactivity (McK1) was raised against purified rat kidney Na+,K+-ATPase. 13 A monoclonal antibody specific for a2 with broad species cross-reactivity (McB2) was raised against purified rat axolemma Na+,K+-ATPase.'4 An antiserum against the sheep al sequence GRDKYEPAAVSE was the generous gift of William J. Ball Jr, University of Cincinnati, Ohio.'5 An antiserum against the rat a3 sequence GDKKDDKSSPKKS was the generous gift of Robert Mercer, Washington University, St Louis, Mo.'6 Polyclonal antisera raised against purified rat kidney Na+,K+-ATPase (Kl and K3) or rat brainstem axolemma Na+,K+-ATPase (Ax2) were described earlier. '7 The Kl antiserum is relatively specific for al, and no crossreactivity with a2 or a3 was detected, although weak crossreactivity can be seen when a2 or a3 are present greatly in excess of al. '7 All of the polyclonal antibodies suffered from the disadvantage that they had contaminating antibodies that reacted with a number of other proteins on electrophoretic blots. When this occurred, the Na+,K+-ATPase a subunit was identified by its apparent Mr and its coelectrophoresis with the corresponding subunit found in rat brain microsomes.
Immunofluorescent Staining
In some experiments, anesthetized female rats (150 g) were transcardially perfused with periodate/lysine/paraformaldehyde fixative,'8 and cryostat sections were prepared from tissue soaked in 0.25 mol/L sucrose. In other experiments, fresh tissue was frozen, cut on the cryostat, and fixed on the slide with acetone for 10 minutes. In both cases, sections were treated with 0.3% Triton X-100 containing 10% goat serum in phosphate-buffered saline before the addition of primary antibody (1 :5 dilution of hybridoma supernatant) in the same solution. One hour of incubation with primary antibody was followed by three washes; 1 hour of incubation with rhodamine-conjugated secondary goat anti-mouse IgG antibody (Cappel) was followed by three additional washes and examination with a Zeiss IM-35 fluorescence microscope.
Preparation of Hypertensive Rats
Male Wistar rats were uninephrectomized at the age of 11 weeks, and slow-release deoxycorticosterone acetate (DOCA) pellets (100 mg per pellet, Innovative Research of America) were implanted subcutaneously in the hind limb to produce a constant dose of '=1.5 mg per 100 g body weight per day. After 3 weeks, the DOCA dosage was supplemented with biweekly subcutaneous injections of 1.5 mg to compensate for exhaustion of the pellets. Age-matched control rats were either uninephrectomized rats with no DOCA treatment or uninephrectomized DOCA-treated rats maintained on a normal diet and given tap water to drink (DOCA-low salt group). Experimental rats were uninephrectomized, DOCA-treated, and given 1% NaCI water to drink ad libitum (DOCA-salt group).
Blood pressures were measured with a tail-cuff sphygmomanometer. The blood pressure values represent the average of five separate recordings per rat obtained in a quiet awake state after acclimatization. The left ventricle (including interventricular septum) was used for all experiments.
Membrane Preparations
Male CD rats were obtained from Charles River Breeding Laboratories. Human postmortem ventricle was obtained from two aged men (origin, Germany) and from a young man (origin, Russia; gift of Paul D. Allen, Brigham and Women's Hospital, Boston, Mass); human postmortem brain cortex was obtained from a middle-aged man (origin, USA). All died of unrelated causes. Intact heart and brain cortex from a healthy middle adult macaque (Macaca fascicularis) was obtained from the New England Primate Center. Female guinea pigs were obtained from Charles River Laboratories, and other isolated hearts were a gift from Richard T. Mathias, State University of New York, Stony Brook. Hearts and brains from healthy mongrel dogs were obtained from the Cardiovascular Surgery Research Laboratory, Massachusetts General Hospital. Sheep and chicken hearts and brains were from freshly killed animals from local butchers.
Sarcolemma is a minor constituent of myocardial homogenates and is notoriously difficult to isolate quantitatively, and so very crude preparations were used for the analysis of Na+,K+-ATPase isoforms. Homogenization was 15 strokes with a tight-fitting motor-driven Teflon/glass homogenizer. Crude particulate preparations were made by homogenizing minced tissue in a 40-fold volume of 320 mmol/L sucrose, 20 mmol/L Tris, and 1 mmol/L EDTA (pH 7.2) and by pelleting membranes and actomyosin complexes at 40 000 rpm for 30 minutes in a Beckman 70 Ti rotor.'9 Crude particulate preparations were then sedimented on a cushion of 1.3 or 1.4 mol/L sucrose, 20 mmol/L Tris, and 1 mmol/L EDTA (pH 7.2) for 1 hour at 27 000 rpm in a Beckman SW 27 rotor. The material that banded above the sucrose cushion was collected, diluted, recentrifuged for 30 minutes at 33 000 rpm in a Beckman 45 Ti rotor, and resuspended in sucrose/EDTA/Tris. This membrane fraction contained both sarcoplasmic reticulum and sarcolemma; the majority of the myosin pelleted to the bottom of the sucrose cushion because of its greater density.
A second method (used frequently for rat heart in our laboratory9 and for guinea pig heart in the present study) was differential centrifugation for isolation of a crude sarcolemma fraction. After homogenization, myosin and much of the sarcoplasmic reticulum was pelleted by centrifugation at 18 500 rpm for 30 minutes in the 45 Ti rotor, and subsequently the crude sarcolemma fraction was pelleted at 33 000 rpm for 30 minutes and resuspended in sucrose/EDTA/Tris. Ratios of the isoforms of the Na+ ,K+-ATPase recovered were equivalent for the two different techniques. Some Na+,K+-ATPase (30% to 50% of the total) was lost in the pellet with the myosin.
Gel Electrophoresis, Specific Antibodies, and Western Blotting
Methods for gel electrophoresis, blotting, and immunostaining were as reported earlier. 13 Gel electrophoresis was performed on slab gels by the method of Laemmli, using sodium dodecyl sulfate (SDS, BioRad) recrystallized from 95% ethanol, and without heating the samples. Protein per gel lane was 100 ,ug. Proteins were transferred to nitrocellulose, and blots were stained with antibody followed by alkaline phosphataseconjugated anti-mouse IgG or anti-rabbit IgG antibodies (Sigma) as appropriate. Color development was with nitro blue tetrazolium.
For the quantitation of isoform levels in control and hypertensive rat heart samples, blots were scanned and quantitated with a computing laser densitometer from Molecular Dynamics. The density of each entire band was determined in two stages. First, the background around each band was determined by measuring the average density of an oval or rectangle enclosing, but not touching, the band. This corrects for irregularities in the thickness of the nitrocellulose and other sources of nonspecific background. Second, the density of the entire area marked was determined, and the background for each band was subtracted individually by the densitometer. All data are the averages of at least two such determinations per band. Remarkably dense bands give linear results with this assay.
Results

Localization of al and a2
In the adult rat heart, al and a2 isoforms of Na+,K+-ATPase predominate, but the higher affinity a2 isoform is less abundant than the al isoform. On the basis of the inhibition of ATPase activity in membrane preparations, it is estimated that a2 constitutes 25% of the total in young adult rat hearts and less as the animals age. 9 We have used isoform-specific monoclonal antibodies in sections of adult rat ventricle to determine whether the expression of a2 is confined to a particular cell type (such as endothelial cells), a particular transmural depth, or a particular subcellular location (such as the transverse tubule). Fig 1 shows that, in the adult rat ventricle, both ael and c2 were found in the plasmalemma of cardiomyocytes with a uniform distribution. Stain for at was significantly brighter than that for a2, as expected since a2 is <25% of the total. In some experimental preparations, the stain was seen concentrated at intercalated disks, but since this was also seen in some control preparations, it was not judged to be a reliable indication of Na' KX-ATPase location (data not shown). Fig 2 illustrates that the stain for ca1 in ventricular myocytes greatly exceeded that seen in coronary arteries cut in cross section. Any stain in endothelial cells or transverse tubules was not prominent relative to the stain in ventricular myocyte sarcolemma.
Isoform Expression in Hypertension
Alterations in the activity of the Na+,K+-ATPase in cardiac, renal, and vascular tissue have frequently been studied in hypertension because of the important role of the enzyme in both systemic Na' homeostasis and cellular Ca`homeostasis (reviewed in Reference 20). Low-renin hypertension can be produced by removing one kidney, treating with pharmacologic levels of a mineralocorticoid (DOCA), and feeding a high-salt diet. 21, 22 The primary effect of DOCA is an augnentation of Na' retention (or prevention of its downregulation) in the kidney, which other homeostatic mechanisms are not able to overcome when uninephrectomized animals are given a high-salt diet. Rats made hypertensive in this way have been previously shown to undergo a reduction in the level of expression of mRNA for the a2 isoform of the Na+,K+-ATPase in the left ventricle.1' In the present study, we have investigated whether these changes are reflected in protein expression, an important issue because there are several well-characterized instances in which Nat,K+-ATPase isoform mRNA levels predict protein levels rather poorly. The Table shows the blood pressure and ratio of left ventricular weight to body weight for the animals used in the present study. All DOCA-salt-treated animals were demonstrably hypertensive at 2, 4, or 6 weeks of treatment; at 8 weeks, blood pressure had declined. All hypertensive animals also had significant left ventricular hypertrophy, determined by increased left ventricular weight-to-body weight ratios compared with normotensive control animals.
Adult rat hearts contained al and a2 isoforms of the catalytic subunit of the Na ,K+-ATPase as previously reported.9 Comparisons of Na+,K+-ATPase isoform staining of blots of membrane preparations from adult control and hypertensive rat hearts showed a reduction in the level of a2 relative to al (Fig 3) . Identical blots were stained for the a3 isoform, but a3 was present at levels too low to be reliably detected, whether from normotensive or hypertensive rats, at all ages examined (data not shown). The mRNA for the a3 isoform was absent23 (or present at very low levels in older rats"), although both the mRNA8 and protein9 can easily be demonstrated in newborn rat hearts. Fig 4A that antibody bound to Western blots and visualized with alkaline phosphatase-conjugated secondary antibody can be quantitated by densitometry. We prepared blots with various dilutions of rat brain microsomes, used as a good source of a2. The blots were stained with the isoform-specific monoclonal antibody and scanned. There was a reasonably linear relation between the amount of antigen on the gel and the alkaline phosphatase reaction product deposited, over a wide range of protein concentrations. Similar results were obtained for the quantification of a1 (data not shown). Any minor deviation from linearity was neglected in the analyses performed here. Similar dilutions of samples were performed with crude particulate preparations from control and hypertensive rats ( Fig 4B) . It is clear that a significant difference was seen in the level of a2 expressed. The BP and the ratio of LV (in milligrams) to BW (in grams) was measured for each rat at the time of death. All rats were 11 weeks of age at the time of uninephrectomy and were allowed to recover from surgery for 1 week before beginning DOCA treatment with or without saline in the drinking water. The age at death was thus 14 to 20 weeks. Although there was some variation in BP in the control groups, all had undetectable ventricular hypertrophy. All DOCA-salt rats had significant hypertension and hypertrophy. this particular experiment indicates a relative reduction in a2 expression of 61% in the hypertensive animal. The remaining data were collected from single concentrations of protein per sample, replicated on different days. Since the amount of alkaline phosphatase reaction deposit produced per antigen detected is not necessarily identical when two different antibodies are compared, comparisons were made by determining relative staining intensities for each antibody separately within each experiment. Fig 5 shows the results. All control animals at 3 weeks of treatment had been uninephrectomized. At 4 weeks, some control animals were uninephrectomized, and some were uninephrectomized and treated with DOCA without high salt. When compared simultaneously, these two types of control animals were always indistinguishable. At 6 and 8 weeks, the control animals were all uninephrectomized and treated with DOCA without high salt; DOCAtreated animals were chosen as the more stringent of the two types of controls, to make very clear that any alteration in Na ,K -ATPase isoform expression was due to the hypertrophy and not the mineralocorticoid When the relative amounts of a2 in control and hypertensive left ventricles were compared in the same way (14 or 15 different determinations), there was a large reduction in the hypertensive heart membranes. When data were analyzed by the ratio of cr2 to a1 within each experiment, similar results were obtained. However, day-to-day variation in the relative intensities of cr2 and a1 antibody stain (from a low of 0.118 to a high of 0.642) made it impossible to pool the a2 to cr1 ratio determinations for statistical analysis.
Evidence is presented in
When trends in the expression of a2 were examined as a function of the number of weeks of treatment, DOCA-salt hypertensive animals appeared to show a maximally reduced level by 4 weeks. In control animals treated with DOCA but given a low-salt diet, however, there was a decline from 6 to 8 weeks in the proportion of a2 expressed. This suggests that the DOCA-low salt uninephrectomized "control" animals were slowly ac- A, Graph shows dilutions of cr2 stained with isoform-specific antibodies. Blots were prepared with different dilutions of rat brain microsomes and stained with a monoclonal antibody specific for cr2 (McB2), followed by alkaline phosphatase conjugated goat or sheep anti-mouse IgG secondary antibody. Color development was by the nitro blue tetrazolium method, which yields a stable blue insoluble deposit on the protein band. The number of micrograms of crude membrane protein is indicated on the x axis; the y axis shows arbitrary units of optical density, summed for the entire area of each band, as determined by the densitometer. The amount of reaction product deposited remained close to linear for even very dark bands. B, Graph shows densitometry of cr2 stain for serial dilutions of preparations from control and hypertensive rat ventricle. Different dilutions of crude particulate preparations from left ventricle of a normotensive 3-week, uninephrectomized, deoxycorticosterone acetate (DOCA) low salt rat (control) and a 3-week, uninephrectomized, DOCA-salt rat (hypertensive) were analyzed by the same techniques used in Fig 3. The linearity of the relation between micrograms of protein and optical density indicates that reasonably accurate comparisons can be made for blots prepared and stained at the same time and loaded with adequate amounts of total protein. Weeks of treatment quiring characteristics of hypertensive animals, which was also seen as elevated blood pressure in some animals (Table) . This is as expected after prolonged treatment.21
The right ventricle was examined in rats at 4 weeks of treatment. It showed a marked reduction in a2 levels similar to that in the left ventricle (data not shown). This is not surprising, since in the DOCA-salt model, the right ventricle shows a degree of hypertrophy similar to that of the left ventricle,21 presumably because of elevated pressure in the pulmonary bed.
Aged Rats
We hypothesized that the level of expression of ca2 in myocardium might be subject to individual variation in rats, as a function of their age and cardiovascular health. We collected four male and four female rats with an average weight of 600 g as retired breeders (range, 550 to 700 g). Some were Sprague-Dawley rats; others, Wistar rats. None had been subjected to surgical or pharmacologic insult. Membranes from whole ventricle were prepared from each rat individually and analyzed, in replicate experiments, for the relative ratios of stain for a2 and al. The results, shown in Fig 6A, are compared with the ratio obtained in the left ventricle from a 90-day-old male control rat (young adult) and from a preparation from newborn rat pups. It is apparent that there were marked twofold interindividual variations in the relative expression of a2 and that the older rats on average expressed less a2. The levels of a3 were also examined, because of earlier suggestions that (3 might increase in older or hypertrophied hearts.'1124 In Fig 6B it can be seen that a3 levels remained extremely low in all but one rat, and in that rat, the level matched that seen in the young adult but remained well below the level seen in newborns, in which it constitutes 25% of the total.
Human and Macaque Cardiac Ventricle
Heterogeneity in cardiac glycoside affinity has been reported for Na+,K+-ATPases of human heart.2526 This might be explained by the coexistence of different isoforms (reviewed in Reference 4). The mRNAs encoding all three isoforms have been detected in adult human heart samples,27,28 and al and a3 mRNAs have been detected in fetal heart.29 Since NaX,K+-ATPase subunit mRNA levels do not always correspond to enzyme protein levels,30 we looked for all three isoforms as proteins, using specific antibodies as molecular probes on electrophoretic blots of SDS gels. Isoform-specific antibodies can only be used across species lines if there is sufficient conservation of sequence in the epitope. To assess species cross-reactivity, each antibody was tested against a sample of brain membranes, which express all three a isoforms, or kidney membranes, as a source of cal. Crude membrane preparations were used to avoid selective losses during fractionation. '9 It has already been reported that the monkey heart, like the dog heart, has roughly equal amounts of two electrophoretic bands corresponding to Na+,K+-ATPase al and either a2 or r3.1 Isoform-specific antibodies were used on Antibody detection of isoforms in human and monkey heart. Three identical electrophoretic blots were prepared with samples of rat, monkey, and human brain microsomes (Br) and crude membrane fractions from monkey and human left ventricle (LV). Antiserum against an a1 sequence of sheep was used to detect c1; monoclonal antibody specific for c2 (McB2) was used to detect cr2; and antiserum against an Cr3 sequence of rat was used to detect a3. blots of monkey and human ventricular membrane samples in the present study to identify the electrophoretic bands (Fig 7) . An antiserum directed against a sequence near the N-terminus of sheep at (GRDKYEPAAVSE) detected al in all samples. The same conclusion was reached in experiments in which the al -specific monoclonal antibody McKI was used, although its reactivity with human and monkey at was fainter than with rat at (data not shown). Monoclonal antibody McB2 detected a2 strongly in monkey and human brains but consistently detected much less a2 in monkey hearts than in human hearts. A peptide-directed antiserum specific for a3 (GD-KKDDKSSPKKS) detected Ca3 in all of the samples but apparently less in human hearts than in monkey hearts, the reciprocal of that observed for a2.
An intact macaque heart was dissected into representative regions before the preparation of crude membrane fractions. When electrophoresed and stained with a mixture of polyclonal antibodies to detect both electrophoretic variants simultaneously (al and a3), no regional variation was seen within the ventricle, but the a3 band was relatively reduced in the atrium and even more reduced in the aorta (Fig 8) . Similar results were obtained with the two isoforms expressed in the adult rat heart, in which a2 levels relative to at were lower in the atrium than in the ventricle and even lower in aorta, where at predominates (data not shown).
Other Species
We examined the hearts of other species frequently used to study cardiac physiology. Most previous efforts to identify cardiac Na ,K+-ATPase isoforms (reviewed in Reference 3) have used differences in electrophoretic mobility, which is a technique with some serious limitations when used as a sole criterion. The electrophoretic separation is based not on true molecular weight but on differences in anomalous detergent binding and incomplete unfolding.32 Detection of specific epitopes on electrophoretically separated bands is less ambiguous. The at-specific monoclonal antibody McKt failed to LV RV At VS P Aorta 0a3 FIG 8. Regional variation in isoform content in primate heart. The macaque heart was dissected into left ventricle (LV), right ventricle (RV), atrium (At), ventricular septum (VS), papillary muscle (P), and aorta. Crude membrane fractions were prepared, and samples were electrophoresed, blotted, and stained with a mixture of anti-Na+,K+-ATPase antibodies raised against purified rat kidney (K3) and rat brainstem axolemma (Ax2). The a1 and a3 doublet is marked with arrows; there were reduced levels of cr3 in atrium and aorta. The Ax2 antiserum cross-reacts lightly with another protein of higher Mr (*), which may be a Ca2+-ATPase or related protein; unlike the Na,K-ATPase, it fractionates with sarcoplasmic reticulum (not shown).
react at all with al from dogs, sheep, and chickens,'3 and so at was detected instead with the peptidedirected antiserum (GRDKYEPAAVSE). No kidney sample was available for the guinea pig, but other experiments confirmed that this antibody reacted with the al in guinea pig brain (data not shown). The binding site for the peptide-directed at antiserum is reasonably well conserved in at sequences from different species: two amino acid substitutions are found in chicken al, but the antiserum evidently still crossreacts. a2 was detected with monoclonal antibody McB2 in all species; this antibody appears to react with a site that is highly conserved and isoform specific. a3 was detected with the peptide-directed antiserum (GDK-KDDKSSPKKS); this antiserum worked in brain samples from all species except the chicken, which has a deletion and four amino acid substitutions at that site.
The at isoform was expressed in the hearts of all species examined, but the expression of a2 and ca3 varied markedly (Fig 9) . Guinea pig ventricle contained only at. Dog ventricle contained al and a3, and a2 was not detected. Sheep ventricle contained only at. In each of these cases, the data are consistent with the prior detection of only one electrophoretic variant in guinea pig and sheep ventricle and two in dog ventricle (Reference 31; other references are reviewed in Reference 3). Chicken ventricle contained at but not a2; we were unable to determine whether it contained a3, because the available antibodies did not cross-react with a3 in chicken brain.
Further attention was given to guinea pig ventricle because of the expectation, based on extensive but controversial literature, that two isoforms would be found (see reference section in Reference 33). Reduction and alkylation of denatured Na+,K+-ATPase has been reported to enhance the electrophoretic separation of the isoforms,34 an observation that we have confirmed for rat brain and heart.32 Reduction and alkylation of guinea pig ventricular Na+,K+-ATPase was reported to cause the a subunit to split into two bands, which were assumed (without more direct evidence) to be al and a2. 33 We attempted to reproduce this. Reduction and alkylation caused an upward shift in the mobility of the Na+,Kt-ATPase a bands as usual ( Fig 10) . In our hands, however, the guinea pig ventricular NaXK'-ATPase remained one sharp band. This evidence does not support the existence of two Na+,K+-ATPase isoforms in the hearts of adults (60 to 120 days old) of this species.
Discussion
The development of isoform-specific antibodies makes it possible to determine which Na+,K+-ATPase gene products are actually expressed in myocardium, where they are located, and how the expression really changes during hypertension. The uniform location of a2 expression in ventricular myocytes (Fig 1) , for example, is in contrast to what is observed in skeletal muscle, where the a1 and cr2 isoforms are also expressed, but immunofluorescent localization with the same cr2-specific monoclonal antibody (McB2) has shown striking heterogeneity in the level of expression between adjacent myotubes.35 This probably reflects the underlying heterogeneity of slow-and fast-twitch fibers. The uniformity of isoform expression at the cellular level in ventricular myocardium confirms the finding of uniform ATPase. Samples of guinea pig brain (Br) and left ventricular (LV) membranes were either dissolved in sodium dodecyl sulfate and reduced with f3-mercaptoethanol as usual, or they were first reduced with 10 mmol/L dithiothreitol in 8 mol/L urea, 150 mmol/L Tris, and 0.1 mmol/L EDTA for 30 minutes at 37°C and alkylated with 120 mmol/L iodoacetamide for 1 hour at 37°C34 (lanes marked with asterisk). Prestained molecular weight markers (not alkylated, Sigma 7B) are at the right. The blot was stained with a mixture of two polyclonal antisera, rat brainstem axolemma (Ax2) to detect the ratio of a2 to a3 and purified rat kidney (K1) to detect ca1. The guinea pig ventricle Na+,K+-ATPase a band did not split into two bands.
mRNA distribution by in situ hybridization, where a striking localization of a2 and a3 isoforms occurred in conducting tissue against a background of uniform ventricular labeling.'0 The relatively low contribution of arterial tissue to the total Na+X,K-ATPase of the ventricle (Fig 2) is in keeping with lower levels of sodium pump activity in vascular tissue. Hypertensive Rats Several studies of DOCA-salt rats and of surgically induced models of hypertension have indicated that there is a reduction of Na+X,K-ATPase activity in the myocardium,36-41 accompanied by a reduction in the number of high-affinity binding sites for [3H]ouabain.38 4' When measurements of ouabain-sensitive ATPase activity in membrane preparations were used as a way to assess the amount and activity of the Na+,Kt-ATPase in reduced renal mass, one-kidney onewrapped, and one-kidney one-clip models of hypertension in the rat, reductions of 18% to 43% in the amount of Na+,K+-ATPase activity have been seen363739-4' in the right ventricle as well as in the left ventricle.37 DOCA-salt hypertension has resulted in a 17% to 23% reduction in Na+ ,K+-ATPase activity.38,4' The question has been whether any of these changes reflect alteration of NaXK+-ATPase gene expression or whether they are due to nonspecific dilution of sites by hypertrophy. 40 Herrera et all' showed in 1988 that hypertension induced by either uninephrectomy and DOCA-salt treatment or by elevated angiotensin II was associated with a selective alteration in the level of expression of cr2 mRNA. This alone cannot be confidently concluded to explain the reported reductions in Na+,K+-ATPase activity, however, because significant discrepancies have been found between Na ,K+-ATPase mRNA and protein levels. In skeletal muscle, for example, hypokalemia brings about a modest selective reduction in CY2 mRNA (relative to cr1), but there is a much more dramatic reduction of a2 protein,42 implying that there are posttranscriptional and posttranslational regulatory mechanisms. Conversely, when alterations of Na ,Kt-ATPase gene expression by thyroid hormone have been studied. the magnitude of changes in mRNA levels has greatly exceeded the magnitude of changes in protein levels.30 Alterations of : subunit gene expression may also play a significant role in the final level of the a subunit proteins.43 In the present study, we have shown that the reported alterations in mRNA are followed by a corresponding significant and selective reduction in the level of expression of the a2 isoform of the Na ,K+-ATPase in the DOCA-salt hypertensive rat myocardium.
The effect on gene expression is restricted to one isoform of the NaX,K+-ATPase, which may inherently limit and define the alteration in ion transport capacity. It is of particular interest that the reduction in myocardial Na+K+-ATPase is confined to the cr2 isoform. In the rat, this isoform has a much greater affinity for cardiac glycosides than the a1 isoform (reviewed in Reference 3). If sensitivity to cardiac glycosides at low concentrations is due to inhibition of this isoform only, the isoform reduction would be predicted to bring about a reduction of cardiac glycoside sensitivity, such as seen by Lee It is interesting to speculate that the selective loss of the high-affinity isoform of the Na+,K+-ATPase in hypertensive rat hearts may have the same physiological effect as either treatment with cardiac glycosides or sustained elevation of a circulating inhibitor: reduction of the activity of a particular fraction of the Na+,K+-ATPase. In this sense, the change in gene expression may represent a component of successful cardiac compensation.
Aged Rats
We looked for an alteration of Na+,K+-ATPase isoform expression in aged rat hearts because of discrepancies in whether or not a component of activity with high affinity for ouabain could be detected in adult rats.91945-48 The ca2 isoform has a higher affinity than the cr1 isoform, resulting in a complex curve when inhibition of ATPase activity is studied in membranes. In our laboratory, when young adult rats were examined, the high-affinity component was seen,9 but when retired breeders were used, only a low-affinity site was reported.19 This led to the prediction that a2 levels would fall during aging. The present results indicate that very large rats have half as much a2. This observation does not identify the cause of the change, but it does suggest that the age of the animals is an experimental variable that should be controlled.
Species-Specific Variation in Isoform Expression
The detection of structurally different Na+ ,K+-ATPases in human cardiac muscle could be of great interest in view of the fact that high-and low-affinity binding sites for ouabain can mediate inotropic responses in different concentration ranges.4 Although affinity differences for digitalis derivatives among the human isoforms are not large,25'26'49 in principle, inotropic drugs that inactivate one isoform but not another should show an improved margin of safety. The results of the present study reinforce the importance of using Na+,K+-ATPase preparations from human tissues in the further development of synthetic cardioactive steroids. 50 Species, developmental, and pathological differences in isoform expression suggest that the Na+,K+-ATPase isoforms are functionally tailored to meet the sodium pump requirements of hearts with different electrophysiological and contractile properties. The relatively lower proportion of cr3 mRNA in the monkey atrium is similar to a lower proportion of cr2 mRNA in rat atrium. 23 The inotropic response to different concentrations of ouabain has been studied in samples from the hearts of several species. Biphasic responses in rat heart samples were among the earliest indications that there might be more than one cardiac glycoside receptor,51 whereas studies of sheep heart samples were consistent with a simple inotropic mechanism with one cardiac glycoside receptor.52,53 These observations agree with our finding of only the ca1 isoform in the sheep heart, while both cr1 and CY2 are the isoforms expressed in the rat. In the dog heart, two electrophoretic forms of Na+,K+-ATPase were identified,54 as well as two cardiac glycoside affin-ities55; in the present study, we show that a1 and cr3 isoforms are expressed. Chicken heart contained the a1, but not the a2, isoform; we were unable to test for the a3 isoform because of the lack of a cross-reacting antibody. In the guinea pig heart, either one56-58 or two33 electrophoretic variants of the a subunit have been reported. We were only able to detect a1. It is possible that the use of a highly enriched sarcolemma fraction resulted in the enrichment of an isoform that is a very minor constituent33 or that domestic guinea pigs are more genetically heterogeneous in isoform expression than expected.
